Abstract. The nature of the intramolecular hydrogen bond in the enol tautomer of 2,4-pentanedione has been investigated by high resolution proton and deuteron magnetic resonance spectroscopy. An unusually large deuterium isotope effect on the chemical shift of the bridge hydrogen has been observed. This unexpected result, together with the observation of a pronounced temperature dependence for both the proton and deuteron resonances, suggests that two states with different chemical shifts for the bridge hydrogen are involved in rapid equilibrium and that the anomalous deuterium isotope effect has its origin in the effect of deuterium substitution on the energy separation between these states. It is proposed that these states correspond to the symmetrical and asymmetrical structures of the intramolecular hydrogen bond.
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It is well known that 2,4-pentanedione (acetylacetone) exists in both the enol and keto tautomers and that the interconversion between these species is slow.1 The nature of the intramolecular hydrogen bond in the enol tautomer has received considerable interest. There is little question that the hydrogen bonding is strong, since the 0-H... 0 antisymmetric stretching vibration appears near 2700 cm-' in the infrared spectrum2 and the proton chemical shift of the bridge hydrogen is found to be approximately 15 ppm downfield from TMS. 1 Reeves has also noted that the chemical shift of the hydroxyl proton is independent of concentration and the solvent system provided the solvent is not too basic.1 Thus, the enol tautomer exists primarily as the intramolecular hydrogen-bonded monomer.
In this work, the effect of deuterium substitution on the chemical shift of the bridge hydrogen has been investigated. A pronounced deuterium isotope effect has been observed. In Table 1 as it was possible to ascertain, the pronounced isotope effect is independent of concentration and the solvent system. It is reasonable to attribute the large isotope effect observed in acetylacetone primarily to the effect of deuterium substitution on the average magnetic shielding of the bridge hydrogen. Deuterium isotope effects on the magnetic shielding of hydrogen bonded to carbon and oxygen are generally thought to be small (certainly <0.1 ppm) and are usually interpreted in terms of modifications in zero-point vibrational amplitudes upon isotopic substitution.4 Thus, the pronounced isotope effect observed here suggests either an unusual anharmonicity in the vibrational motion of the bridge hydrogen in the intramolecular hydrogen bond or an alternate interpretation.
It is known that the proton chemical shift of the bridge hydrogen in acetylacetone is temperature dependent.5 We have repeated these measurements using anhydrous materials, and, in addition, have examined the temperature dependence of the deuteron chemical shift. The results for acetylacetone in cyclohexane are shown in Figure 1 . We note that a temperature dependence is 0.16 mole fraction in deuteron magnetic resonance experiments.
-20 0 20 40 60 80 100 120 Temperature, 'C also observed for the deuteron resonance. The observation of a temperature dependence for both the proton and deuteron resonances would seem to indicate that two or more states with different chemical shifts for the bridge hydrogen are involved in rapid equilibrium' and suggests that the large deuterium isotope effect observed might well have its origin in the effect of deuterium substitution on the energy spacings between these states. In fact, both the temperature data and the observed deuterium isotope effect can be shown to be consistent with a two-state system, in which the effect of deuteration of the bridge hydrogen has resulted in a decrease in the energy separation between the two states by --200 cm-'. Table 1 ). By contrast, we have observed an anomalous deuterium isotope effect on the chemical shift of the bridge hydrogen in several other f3-diketones: 3-methyl-2,4-pentanedione, 1,3-diphenyl-1,3-propanedione, and 1-phenyl-1,3-butanedione; and a temperature dependence of the chemical shift of the bridge hydrogen has also been noted in each case (Table 2) . In principle, the states in question could either be close-lying vibrational levels of the O-H... 0 antisymmetric stretching vibration in the ground electronic state, or those of different molecular or electronic structures including tautomeric forms as well as low-lying electronic states. In view of the small energy differ-ence between the two states and the pronounced effect of deuteration on their energy separation, it is clear that in the case of the first possibility, the potential energy function associated with the motion of the hydrogen in the O-H....0 antisymmetric stretch must be double minimum in nature with a moderately high central barrier. While a double-minimum potential function for the O-H ... 0 antisymmetric stretching vibration is not unexpected, it is, however, difficult to reconcile all our observations on the basis of this simple interpretation, since for any reasonable potential function and any reasonable dependence of the magnetic shielding on the vibrational motion of the bridge hydrogen, the thermal population of the higher vibrational levels, and the modification of the vibrational amplitudes by deuterium substitution are expected to have opposite effects on the observed average magnetic shielding of the bridge hydrogen. Contrary to this expectation, both deuterium substitution and raising the temperature increase the observed shielding of the bridge hydrogen. We are therefore more inclined to believe that the states are associated with different tautomeric or electronic structures, and that the large deuterium isotope effect reflects differences in the effects of deuteration on the zero-point energies of these structures. Needless to say, the potential functions associated with the motion of the bridge hydrogen in the two structures must possess quite different anharmonicities if the effect is to manifest itself. Considerations of deuterium isotope effects on zero-point vibrational energies for a wide variety of potential wells7 indicate that at least the lower energy tautomeric or electronic structure must have a potential function for the O-H ... 0 antisymmetric stretch which is double minimum. In fact, if the potential function is symmetrically double minimum with the height of the central barrier of the order of -2000 cm-', the presence of this barrier will result in a deuterium isotope shift of the zero-point vibrational energy which is some 150-200 cm-' smaller than that expected for a more normal potential well, such as that which might be representative of the upper state. This scheme would readily account for our nuclear magnetic resonance (nmr) observations. We now comment on the nature of the two states. The possibility of an equilibrium between the intramolecularly hydrogen-bonded cyclic structure and the "open" structure immediately suggests itself. However, this does not appear to be likely, in view of the lack of any noticeable dependence of the chemical shift of the bridge hydrogen as well as the isotope effect on the basicity of the solvent. Moreover, if the deuterium isotope effect and the temperature dependence of the chemical shift of the bridge hydrogen observed for the ,8-diketones are to be interpreted in terms of this equilibrium, it is difficult to understand why this equilibrium is not also established in the case of the j3-keto esters, where the strength of the intramolecular hydrogen bond is presumably weaker, at least on the basis of the proton chemical shift of the bridge hydrogen. Additional evidence in support of this conclusion is provided by the broadening of the OH resonance observed in anhydrous n-butyl ether, a phenomenon which is not observed in cyclohexane or carbon tetrachloride. We have examined this line broadening as a function of temperature and at two different radiofrequencies. The observed dependence on temperature and frequency that is depicted in Figure 2 suggests the interpretation of chemical exchange broadening. Consistent with this interpretation is the observation of an inflection point in the variation of the OH proton chemical shift with temperature (Fig. 3) , a feature which is expected with the transition from slow to rapid chemical exchange.
As expected, the temperature corresponding to this inflection point is radiofrequency dependent and is found at a higher temperature at the higher magnetic field. It is also interesting to note that the chemical shift of the bridge hydrogen is essentially the same within experimental error in both cyclohexane and n-butyl ether at temperatures below this transition temperature (100C at tautomer of acetylacetone in n-butyl ether and cyclohexane. a0H is measured relative -13-40 -a to chemical shifts of enol methyl groups. thalpy and entropy of formation of 3.7 kcal/mole and --' 2 entropy units, respectively, and the kinetic activation enthalpy of 5.5 kcal/mole for the conversion of the principal species to the minor tautomer, it appears that the open structure is the most reasonable candidate for the minor species, and we can also conclude that it is hydrogen bonded to the solvent. Since the deuterium isotope effect on the chemical shift of the bridge hydrogen is the same in cyclohexane and n-butyl ether, even at low temperatures where the equilibrium between the intramolecularly hydrogen-bonded cyclic structure and the open structure is slow in n-butyl ether, we must conclude that this equilibrium is not important in cyclohexane and that the observed isotope effect as well as the temperature dependences observed for both the proton and deuteron resonances are inherent in the strong intramolecular hydrogen bond. What then are the two states? A reasonable speculation is that they correspond to the symmetrical (I) and asymmetrical (II) structures of the intramolecular hydrogen bond. Presumably the structure of the hydrogen bond as R-C-CH-C-R R-C-CHC-R (I) (II) well as the electronic charge distribution in the 7r-system are different in these structures. If this interpretation is correct, the nmr results which we have presented here would indicate that the symmetrical structure is the lower energy form, and that the chemical shifts of the bridge hydrogen in the symmetrical and asymmetrical structures are -16 ppm and -12 ppm from TMS, respectively. In this connection, we note that there is an apparent correlation between the chemical shifts of the bridge hydrogen in the pure f3-diketones and f3-keto esters with their temperature dependences and deuterium isotope effects (Table 3) . It is perhaps no coincidence that in the ,3-keto esters, where the enol tautomer is expected to exist predominantly in the asymmetrical structure, the chemical shift of the bridge hydrogen does not exhibit any significant temperature dependence or isotope effect on deuterium substitution and that it is also invariably found to be -12 ppm (from TMS), consistently 3 to 4 ppm upfield from that observed in the j3-diketones.5
